The de-regulation of the miR-29 family and DNA methyltransferase 3A (DNMT3A) is associated with gastric cancer (GC). While increasing evidence indicates miR-29b/c could regulate DNA methylation by targeting DNMT3A, it is currently unknown if epigenetic silencing of miR-29b/c via promoter hypermethylation in GC is caused by abnormal expression of DNMT3A. Thus, we aimed to evaluate whether cross-talk regulation exists between miR29b/c and DNMT3A and whether it is associated with a malignant phenotype in GC. First, wound healing and Transwell assays revealed that miR-29b/c suppresses tumor metastasis in GC. A luciferase reporter assay demonstrated that DNMT3A is a direct target of miR29b/c. We used bisulfite genomic sequencing to analyze the DNA methylation status of miR-29b/c. The percentage of methylated CpGs was significantly decreased in DNMT3A-depleted cells compared to the controls. Furthermore, the involvement of DNMT3A in promoting GC cell migration was associated with the promoter methylation-mediated repression of CDH1. In 50 paired clinical GC tissue specimens, decreased miR-29b/c was significantly correlated with the degree of differentiation and invasion of the cells and was negatively correlated with DNMT3A expression. Together, our preliminary results suggest that the following process may be involved in GC tumorigenesis. miR-29b/c suppresses the downstream gene DNMT3A, and in turn, miR-29b/c is suppressed by DNMT3A in a DNA methylation-dependent manner. The de-regulation of both of miR-29b/c and DNMT3A leads to the epigenetic silencing of CDH1 and contributes to the metastasis phenotype in GC. This finding reveals that DNA methylation-associated silencing of miR-29b/c is critical for GC development and thus may be a therapeutic target.
Introduction
Gastric cancer (GC) is the second most fatal malignancy worldwide. It accounts for a total of approximately 1 million new cases and 0.7 million deaths annually, over 70% of which occur in developing countries, particularly in East Asian countries [1] . Although curable if detected early, most GC patients are diagnosed with late stage disease. For patients with operable disease, conventional surgery and combination chemotherapies are indicated. However, the overall 5-year survival rate of GC patients is less than 30% [1, 2] . Notably, GC is often accompanied by peritoneal dissemination and metastasis to regional lymph nodes and distant organs through lymphatic and venous vessels [3] . Thus, identifying molecular aberrations in GC may improve our understanding of gastric carcinogenesis and help us subdivide patients into biologically and clinically relevant subgroups, as well as develop novel therapeutic strategies.
MicroRNAs (miRNAs) are a class of endogenous, small, non-coding regulatory RNAs of approximately 20-25 nucleotides that negatively regulate gene expression by inhibiting translation or inducing mRNA degradation through base pairing with the 3' untranslated region (3'UTR) of target messenger RNAs (mRNAs) [4] . Altered expression levels of miRNAs have been reported in many cancers and result in aberrant expression of target genes that influence malignant behavior, such as proliferation, resistance to apoptosis and metastasis [5] [6] [7] . Increasing evidence shows that deregulated miRNAs (e.g., miR-17, miR-129, miR-148a, and miR-378) contribute to gastric carcinogenesis [8] [9] [10] , which indicate that miRNAs could be used as diagnostic and prognostic biomarkers in GC.
The miR-29 family (miR-29s) is a conserved family of miRNAs that includes miR-29a/b/c. Decreased expression of miR-29s has been described in multiple cancers, including GC [11] [12] [13] [14] . Previous studies demonstrate that miR-29s play a dominant role in GC cell proliferation, cell cycle progression, apoptosis, and cell motility [14, 15] . Potential targets of miR-29s contributing to the malignant GC phenotype include Cdc42, CCND2, and MMP2 [14, 15] . In addition, some studies have identified miR-29s as contributors to the regulation of DNA methylation by targeting DNMT3s in lung cancer [13] . Furthermore, several target genes, such as TCL-1, CDK6, laminin-1, and MCL-1, have also been reported in other cancer [16] . Notably, despite evidence demonstrating miRNA-29s can function as tumor-suppressor genes, one key question relating to miRNA-29s expression still remain partially unresolved. What are the mechanisms of control of miRNA-29s expression in GC cells? It has been reported that c-Myc is involved in miR-29a/b repression [17] . Identifying additional suppression mechanisms is of interest.
It is known that the transcriptional silencing of tumor suppressor genes (TSGs) by CpG island hypermethylation is a common hallmark of carcinogenesis. Interestingly, similar to protein-coding TSGs, a substantial number of miRNAs are regulated by promoter methylation [18] [19] [20] . Indeed, there has been an increasing number of studies showing that tumor suppressor miRNAs, such as miR-34b, miR-129, and miR-124, are frequently silenced by DNA methylation in GC [21] [22] [23] . Based on the CpG Island Searcher program analysis, our prediction showed that miRNA-29b/c contains CpG islands in their putative promoter regions. However, it is not yet clear if aberrant DNA hypermethylation accounts for the dysregulation of miR29b/c. In addition, it is unknown whether a feedback regulation exists between miR-29b/c and DNMT3s. In fact, no previous study has examined the methylation status of miR-29b/c in GC cells, and none have explored the relationship between the methylation of miR-29b/c and levels of expression of DNMT3s. In this study, we found that miR-29b/c suppressed the expression of DNMT3A by targeting its 3'UTR, which contributed to inhibiting GC cell migration and invasion. On the other hand, DNMT3A down-regulated miR-29b/c via aberrant hypermethylation of the promoter. Thus, a potential feedback loop exists between miR-29b/c and DNMT3A, in which the down-regulation of miR-29b/c abolishes the suppression of DNMT3A. Meanwhile, the up-regulation of DNMT3A affects the expression of miR-29b/c by promoter methylation. These findings suggest a cross-talk between miR-29b/c and DNMT3A. Their imbalance and deregulation is cause by an epigenetic mechanism that may be involved in GC cell migration and invasion characteristics.
Materials and Methods

Cell culture
GC cell lines, including AGS and BGC-823, were obtained from the Cell Bank of the Chinese Academy of Science and maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA), 100 U/ml of penicillin and 100 mg/ml streptomycin (Invitrogen, Carlsbad, CA) in a humidified incubator with a 5% CO 2 atmosphere at 37°C.
Tissue samples
50 pairs of GC tissues and their adjacent non-cancerous tissue specimens were collected between 2011 and 2013 from the Jiangning Hospital of Nanjing. The clinical information of the patients with GC is shown in S1 Table. The study was approved by the Committee for Ethical Review of Research at the Jiangning Hospital of Nanjing in China, and the patients signed informed consent forms. All the tissue samples were obtained from patients with GC. They were collected during surgery and immediately snap frozen in liquid nitrogen until RNA and protein extraction.
Reverse transcription reaction and quantitative real-time PCR (qPCR)
Total RNA was extracted from the cells and tissues harvested using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instruction.
To detect miRNA expression, a stem-loop RT-PCR was performed as previously described [24] , and U6 small RNAs were used as an internal control. qPCR was carried out using SYBR Premix Ex Taq (Takara, Dalian, China) according to the manufacturer's protocol. The relative expression was evaluated by the comparative CT method. The primer sequences of each gene are shown in S2 Table.
Western blot
Western blots were performed using anti-DNMT3A (Abcam, Cambridge, UK), anti-CDH1 (Abcam, Cambridge, UK), anti-Vimentin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-β-actin antibodies (Sigma, Ronkonkoma, NY, USA), and detection was performed with Super Signal chemiluminescence substrate (Pierce, Rockford, IL, USA).
Transfection miR-29b/c mimics/inhibitors and negative control molecules (scramble control mimic and inhibitor) were synthesized and purified by the GenePharma Company (Shanghai, China). The sequences are shown in S2 Table. They were transfected into the cells at a final concentration of 50 nM using Lipofectamine-2000 transfection reagent (Invitrogen, Carlsbad, USA) according to the manufacturer's protocol. The medium was changed after 6 hours. The cells were cultured for 48 hours and harvested for analysis. The percent transfection efficiency was determined by an evaluation of the levels of miR-29b/c expression or knockdown following transfections (S1A and S1B Fig) . The protocol for establishing the DNMT3A stable knockdown cells has been described in our previous work [25] . The expression of DNMT3A dramatically decreased in the BGC-shDNTM3A and AGS-shDNTM3A cells (S1C Fig) compared to the control cells.
Wound healing, migration and invasion assays
Cell mobility was subjected to the wound healing assay analysis as described previously [26] . A scratch wound was generated using a 200 μl pipette tip on the confluent cell monolayers in sixwell plates. The cells were then washed with fresh medium to remove floating cells, and the spread of the wound closure was observed after 48 hours and photographed under a microscope. The potential for migration and invasion of the transfected cells were evaluated by a Transwell assay. The cells were grown to 70% confluence and transfected for 24 hours with the miR-29b/c mimics or control mimics, and miR-29b/c inhibitor or control inhibitor. In the migration assay, the cells were cultured in 200 ml medium with 1% fetal bovine serum in the upper chamber of a non-coated transwell insert. In the lower chamber, 600 ml medium with 10% fetal bovine serum was used as a chemoattractant to encourage cell migration. In the invasion assay, the upper chamber of the transwell inserts were coated with 50 ml of 1.0 mg/ml Matrigel, and the cells were plated in the upper chamber of the Matrigel-coated transwell insert (Millipore, USA). After 24-hour incubation, the non-migrating or non-invading cells were gently removed with a cotton swab. All of the cells were stained using 0.1% crystal violet staining and counted in 5 fields under an inverted microscope. The independent experiments were repeated three times.
Bisulfite genomic sequencing (BGS)
Genomic DNA was extracted from the cells using the phenol-chloroform method. Bisulfite treatment was performed by the CpGenome Universal DNA Modification Kit (Millipore, USA) following the manufacturer's instructions. PCR products for bisulfite sequencing were gel-purified and subcloned into a pMD19-T vector system (Takara, Dalian, China). At least ten colonies were sequenced to assess the degree of methylation at each CpG site. The primers are listed in S2 Table. Luciferase reporter assay
The protocol for the luciferase reporter assay has been described previously [14] . The 3'UTR of human DNMT3A was PCR-amplified and cloned in between the Not I and Xba I sites of pGL-3 (Promega, USA). The BGC-823 cells were plated at a density of 5×10 5 per well in a 12-well plate before the transfections. The cells were transfected with pGL-3 firefly luciferase reporters (1μg per well), pRL-TK (50 ng per well) and miR-29 mimics/inhibitor (50 nM) or negative control mimics/inhibitors (50 nM) using Lipofectamine-2000 transfection reagent (Invitrogen, Carlsbad, USA) according to the manufacturer's protocol. Luciferase activity was tested 48 hours after the transfection using the Dual-Luciferase Activity Assay System (Promega, USA).
All the experiments were performed as three independent replicates.
Statistical analysis
The independent Student's t-test was used to compare the results, which are expressed as the mean±s.d. between any two preselected groups. To determine correlations between the variables, Pearson's correlation coefficient was calculated. A P-value less than 0.05 was considered statistically significant. Results
miR-29b/c is required and sufficient for GC cell migration
Previous studies imply that miR-29b/c is critical for GC cell invasion. To further evaluate whether miR-29b/c is responsible for GC cell migration, an in vitro scratch wound healing assay and Transwell assay were performed. After transiently transfecting the miR-29b/c mimics or negative control into the BGC-823 cells, the wound healing assay showed that the cells with the forced expression of miR-29b/c displayed a notably slower recovery compared with the control cells (Fig 1A) . Similarly, the Transwell migration assay showed that the overexpression of miR-29b/c was associated with significantly less migration than the controls (P<0.05, Fig 1B) . Moreover, consistent with other data in HGC-207 and MGC-803 GC cells [14] , the miR-29b/c overexpression cells also revealed a significant reduction in invasive ability in the Matrigel invasion assay (P<0.05, Fig 1C) . These results suggest that miR-29b/c is not only important for GC cell invasion but also for cell migration. To further confirm the suppressive effects of miR-29b/c on GC cell migration and invasion, the BGC-823 cells were transiently transfected with the miR-29b/c inhibitors or a negative control. The deletion of miR-29b/c significantly increased the migratory and invasive capabilities of the GC cells, which was assessed by wound healing (Fig 1D) and a Transwell assay (P<0.05, Fig 1E and Fig  1F) . Collectively, these results indicate that miR-29b/c effectively abolished GC cell migration and invasion, which therefore contributed to the early stages of the malignant progression of GC.
DNMT3A is a direct transcriptional target of miR-29b/c in GC
To understand the mechanism underlying the effect of miR-29b/c on cell migration and invasion, we investigated the targets of miR-29b/c. DNMT3A 3'UTR is complementary to miR29b/c and is a direct target gene of miR-29b/c, thus we carried out a reporter assay in BGC-823 cells. The DNMT3A mRNA 3'UTR was inserted into the downstream region of a luciferase reporter gene from the pGL-3 vector (namely DNMT3A 3'UTR-Luc). The constructs were then cotransfected with pRL-TK and the miR-29b/c mimics or the negative control mimics into the BGC-823 cells. As shown in Fig 2A, the relative luciferase activity was significantly reduced in the pGL-3 vectors with the DNMT3A 3'UTR (P<0.05). However, the constructs cotransfected with the miR-29b/c inhibitor did not affect the luciferase activity of the pGL-3 vectors with the DNMT3A 3'UTR compared to the constructs cotransfected with the negative control inhibitor (Fig 2B) . To further validate this miRNA-target interaction, quantitative RT-PCR (qRT-PCR) and western blots were performed to confirm the regulation of DNMT3A by miR-29b/c. We transiently transfected the miR-29b/c mimics or negative control mimics into the BGC-823 cells. The increased miR-29b/c reduced the DNMT3A expression at the mRNA (Fig 2C) and protein levels (Fig 2E, lane1-3) . Conversely, the miR-29b/c down-regulation by its inhibitor increased the DNMT3A expression at the mRNA (Fig 2D) and protein levels (Fig 2E, lane4-6 ). Collectively, these findings indicate that DNMT3A is a direct transcriptional target of miR-29b/c and is negatively associated with miR-29b/c expression in GC cells.
miR-29b/c is suppressed by DNMT3A in a DNA methylation-dependent manner
Given that aberrant hypermethylation is critical for miRNA down-regulation, we speculated that negative feedback exists between miR-29b/c and DNMT3A. To test this hypothesis, the presence of CpG island methylation in the miR-29b/c promoter region was evaluated by a BGS analysis in the DNMT3A-knockdown cells. As shown in Fig 3A, 7 individual CpG sites within the CpG island regions (5 kb upstream of miR-29b/c) were sequenced to identify methylated cytosine residues. The frequency of miR-29b/c promoter methylation in DNMT3A-knockdown cells was 34.2%, which was significantly lower than the control cells (58.6%; Fig 3B) . This result indicates that the transcriptional silencing of miR-29b/c in GC cells is associated with the presence of CpG island hypermethylation, which was confirmed by measuring mature miR-29b/c by qRT-PCR. There was significantly increased miR-29b/c expression in the AGSshDNMT3A and BGC-shDNMT3A cells compared with their controls (Fig 3C) . These findings indicate an important molecular basis for miR29-b/c down-regulation and support the hypothesis that there is cross-talk between miR-29b/c and DNMT3A.
miR-29b/c Is Associated with Epigenetic Silencing of CDH1
DNMT3A promotes GC cell migration
The molecular connection between miR-29b/c and DNMT3A raised the question of DNMT3A involvement in GC cell migration. We further applied in vitro assays to determine the functional changes in cell behavior following altered expression of DNMT3A. The wound healing assay demonstrated a notably slower recovery in the BGC-shDNMT3A cells compared with the control cells (Fig 4A, Top) , but only a modest recovery in the AGS-shDNMT3A cells compared with the control cells (Fig 4A, bottom) . These results indicate that DNMT3A is important for cell mobility. Given that cell adhesion molecules are important for cell motility, the expression of CDH1 and Vimentin were examined by qRT-PCR and western blot. Knockdown of DNMT3A expression significantly increased the CDH1 expression at both the mRNA and protein levels, but did not have a remarkable effect on the expression of Vimentin (Fig 4B and 4C) , suggesting that CDH1 may be a target of DNMT3A-mediated dysregulation of cell motility. Furthermore, we carried out a BGS assay on the CDH1 gene in the DNMT3A-knockdown cells. As shown in Fig 4D, 
miR-29b/c is involved in the suppression of CDH1
To further investigate the effect of altered miR-29b/c expression on CDH1, we transiently transfected the miR-29b/c mimics or negative control mimic into BGC-823 cells. Compared with the controls, the forced expression of miR-29b/c significantly increased the expression of CDH1 at both the mRNA and protein levels (Fig 4E and 4F) . Subsequently, the methylation status of the promoter region of CDH1 was examined using a BGS assay in the miR-29b/c mimics or negative control mimic transiently transfected BGC-823 cells. The results showed that the frequency of CDH1 promoter methylation in the miR-29b/c overexpression cells was 5.2% or 12.9%, which was significantly lower than the level measured in the control cells (88.2%; Fig 4G) . These data were consistent with the result that DNMT3A knockdown mediates the up-regulation of CDH1 and demonstrates that the de-regulation of miR-29b/c and DNMT3A are involved in GC cell migration and invasion. Decreased expression of miR-29b and miR-29c in GC tissues
The expression of miR-29b/c in 50 GC tumors and paired non-tumor tissues was examined by qRT-PCR. Compared to the paired non-tumor tissues, the frequency of miR-29b and miR-29c down-regulation (defined as a greater than two-fold decrease) was 66% (33/50) and 60% (30/ 50), respectively (Fig 5A and 5B) . The average fold change of miR-29b and miR-29c was significantly lower in the tumor tissues than in the non-tumor tissues (P<0.01, Fig 5C and 5D) . To explore the clinicopathological significance of the miR-29b and miR-29c expression patterns in GC tumorigenesis, the clinical features of GC patients were analyzed. All the 43 patients analyzed were categorized into two groups according to miR-29b and miR-29c expression levels. Decreased miR-29b strongly correlated with the degree of tumor cell differentiation and invasion, whereas decreased miR-29c only correlated with the tumor invasion ( Table 1) . Furthermore, the relationship between miR-29b/c expression and DNMT3A expression was tested in 33 GC cases. An association study showed that DNMT3A expression was negatively correlated with miR-29b (R = -0.640, P<0.01, Fig 5E) and miR-29c (R = -0.349, P<0.05, Fig 5F) . Collectively, these data indicate that miR-29b/c might play an important role in the progression of gastric carcinogenesis.
Discussion
The conserved miR-29 family, including miR-29a, miR-29b and miR-29c, is implicated in several cellar processes, such as proliferation, differentiation, apoptosis and metastasis, making them a well-analyzed family of miRNAs in tumorigenesis [16] . Previous studies have shown that increased expression of miR-29a is associated with better overall survival rates in stage II colon cancer patients [27] and lower levels of miR-29b could promote prostate cancer metastasis by regulating epithelial-mesenchymal transition signaling pathways [28] . In addition, miR29c functions as a metastasis suppressor that inhibits lung cancer cell adhesion to the extracellular matrix and migration in vitro and in vivo [29] . In GC, significantly reduced levels of miR29b and miR-29c, in particular, have been observed compared to miR-29a [14] , suggesting that miR-29b/c may play a more important role. Thus, miR-29b/c was selected for analysis in this study. In the present study, we showed an increased miR-29b/c suppresses the migration and invasion of BGC-823 cells using a wound healing assay and a Transwell assay. These results are consistent with other reported data obtained from SGC-7901, HGC-27 and MGC-803 GC cells [14, 15] . Given that miR-29b/c also play roles in proliferation and apoptosis in GC, we assessed the ability of cell growth and the levels of cell apoptosis in BGC-823 cells. The results showed that there is no difference in proliferation at 48 hours for miR-29b/c mimics or inhibitorstransfected cells, compared with the negative control cells (P>0.05, S2A and S2B Fig) . Furthermore, Annexin-V staining demonstrated no dramatic increase in the levels of apoptosis in the miR-29b/c mimics-transfected cells after 48 hours of incubation (S2C Fig). In addition, the cell cycle analysis showed no significant differences in G1, S, G2/M phases after treatment with the miR-29b/c mimics or negative control mimics for 48 hours (P>0.05, S2D Fig) . These data suggest that miR-29b/c slows wound area recovery at 48 hours mainly because of the decreased cell motility abilities. miRNAs exert their functions mainly by targeting the 3'UTRs of different genes. However, the detailed molecular mechanisms of miR-29b/c related to malignant GC development are poorly understood. Notably, miR-29b/c shares the same complementarity to sites in the 3'UTR of DNMT3A, which was predicted by target prediction programs including TargetScan, Miranda and miRBase. It is not yet known whether miR-29b/c regulates the abnormal methylation of genes associated with metastasis by interacting with DNMT3A during the development of GC. Therefore, we performed a luciferase reporter assay and found that a high DNMT3A miR-29b/c Is Associated with Epigenetic Silencing of CDH1 expression was associated with low miR-29b/c expression in GC cells, indicating DNMT3A is a direct transcriptional target of miR-29b/c. However, the molecular basis that leads to the imbalance of miR-29b/c in GC remains unknown. miR-29 proximal promoters have binding sites for several transcription factors, such as c-Myc, and CEBPA, which contribute to the deregulation of miR-29s [30, 31] . However, research on the epigenetic regulation of miRNA29s has not been reported.
In eukaryotic cells, there are three enzymatically active DNA methyltransferases (DNMTs), DNMT1, DNMT3A and DNMT3B. The expression of DNMT3A in GC is significantly higher than that of DNMT3B [32, 33] . Moreover, only increased DNMT3A expression is significantly associated with a shorter disease-free survival period in GC [34] , which indicates DNMT3A plays more important roles in gastric carcinogenesis. Thus, we aimed to investigate whether negative-feedback regulations exist between miR-29b/c and DNMT3A. In this study, we used a BGS assay to analyze the DNA methylation status of miR-29b/c in DNMT3A RNAi GC cells. Indeed, the decreased miR-29b/c was partially due to DNMT3A-mediated hypermethylation. Furthermore, we confirmed that DNMT3A is involved in promoting GC cell migration via down-regulating CDH1. Meanwhile, we also showed that miR-29b/c is involved in the suppression of CDH1. A hallmark of cancer metastasis is the loss of CDH1 expression [35] , and hypermethylation within the CDH1 promoter region is also observed in GC [36] . Thus, our results demonstrate that both miR-29b/c and DNMT3A are associated with CDH1 downregulation through DNMT3A-mediated promoter hypermethylation. The role of other DMNTs, for example DNMT3B, in regulating miR-29b/c needs to be examined in future studies.
In GC specimens, we examined the expression pattern of miR-29b/c in 50 pairs of GC tissues. Decreased miR-29b/c (fold-change cutoff: 2.0) was significantly correlated with the differentiation and invasion degree in GC, which suggests that miR-29b/c plays a critical role in GC malignant maintenance and directly demonstrates the clinical significance of miR-29b/c in GC progression. In summary, our study reveals that there may be cross-talk between miR-29b/c and DNMT3A. An imbalance of these factors may be involved in GC migration and invasion phenotypes. This imbalance may include low-level expression of miR-29b/c could abolish suppression of DNMT3A and high levels of DNMT3A further affects the expression of miR-29b/c by an epigenetic mechanism. These findings may be beneficial for the development of new treatment options for GC that target miR-29b/c and its downstream gene DNMT3A.
Supporting Information Table. miRNA mimic and inhibitor sequences and primers used in this study.
